Background: Animal models suggest that the cardiovascular effects of air pollution result in part from inflammation caused by proinflammatory mediators originating in the lung. In a human study of the cardiovascular effects of air pollution, we aimed to evaluate the potential association between air pollution levels and the fraction of exhaled nitric oxide (FE NO ), a non-invasive measure of airway inflammation. Methods: Breath samples were collected weekly between September and December 2000 in a community based group of elderly subjects (median age 70.7 years) in Steubenville, Ohio. The samples were analysed for NO. Air pollution levels were measured concurrently at a central site monitor. Results: An increase in the 24 hour average PM 2.5 concentration of 17.7 mg/m 3 was associated with an increase in FE NO of 1.45 ppb (95% CI 0.33 to 2.57) in models adjusted for subject, week of study, day of the week, hour of the day, ambient barometric pressure, temperature, and relative humidity. This represents a change of approximately 15% compared with the mean FE NO in the cohort (9.9 ppb). A significant association was also observed for a 24 hour moving average of ambient NO (0.83 ppb increase, 95% CI 0.26 to 1.40). In two-pollutant models, the magnitude and precision of the PM 2.5 effect was not reduced and the ambient NO effect was no longer significant. The associations between FE NO and PM 2.5 were significantly higher in subjects with a doctor's diagnosis of COPD (p value for interaction = 0.03). Conclusions: Ambient pollution may lead to airway inflammation as measured by FE NO . These subclinical inflammatory changes may be an important step in the pathogenesis of the cardiopulmonary effects induced by exposure to air pollution.
N
umerous studies have reported an association between ambient pollution and excess morbidity and mortality from cardiovascular and respiratory diseases. 1 2 The underlying mechanisms responsible for these associations are not well understood. However, accumulating data suggest that ambient particle pollution may lead to pulmonary inflammation, 3 4 resulting in either systemic autonomic effects 5 6 and/or the dissemination of systemic proinflammatory products (such as cytokines) that may influence vascular tone and cardiovascular function. 7 Inflammatory processes play a key role in many lung diseases including asthma and chronic obstructive pulmonary disease (COPD). 8 9 In recent years it has also been proposed that the pathophysiology of cardiovascular disease may be related to systemic inflammatory processes. 10 Nitric oxide (NO) is a short lived intercellular messenger that has been shown to be important in a wide range of biological functions including neurotransmission, 11 host defence, 12 immune function, 13 and inflammation; 14 many of these processes are relevant to pulmonary and cardiovascular pathophysiology. In the lung, macrophages, neutrophils, epithelial cells, endothelial cells, and non-adrenergic noncholinergic neurones are capable of producing NO. 15 The production of endogenous NO is controlled by the various isoforms of nitric oxide synthase (NOS), broadly classified as constitutive and inducible NOS (iNOS). The activation of the inducible form (iNOS) by proinflammatory cytokines is believed to be primarily responsible for the increased production of NO observed in asthma. 14 Previous studies have shown that the measurement of NO concentrations in expired air may represent a non-invasive measure of airway inflammation. Specifically, exhaled NO has been shown to be an associated marker in chronic cough, 16 COPD, 17 and asthma. 18 Additional pathways have been suggested for the observed increases in exhaled NO. For example, recent evidence has shown that acidification of the airways, which is known to have important toxicological consequences, 19 may enhance the production of NO in the lung. 20 Few studies have examined the effect of air pollution exposure on subclinical inflammatory markers such as NO. Van Amsterdam et al 21 compared morning ambient air pollution levels with levels of exhaled NO on 14 consecutive work days in 16 non-smoking adults. The strongest associations with exhaled NO were found for ambient NO and carbon monoxide (CO). In a longitudinal study of elementary schoolchildren aged 8-13 years Steerenberg et al 22 found that exposure to black smoke, NO, nitrogen dioxide (NO 2 ), and particulate matter smaller than 10 mm (PM 10 ) were associated with increased levels of exhaled NO. These pollutants were also associated with a reduction in peak expiratory flow and increases in inflammatory markers in nasal lavage samples. No previous studies have examined the association between air pollution exposure and exhaled NO in the elderly, who may be more vulnerable to the effects of pollution. We have examined the association between short term changes in exhaled NO as a function of ambient air pollution exposure in a community based elderly population followed repeatedly over a 3 month period.
METHODS

Study cohort and protocol
In August 2000, 29 non-smoking adult volunteers were recruited in Steubenville, Ohio. This study was part of a study of cardiovascular end points, so exclusion criteria were selected based on the results of a resting 12-lead ECG performed at screening and certain cardiovascular conditions that would limit the measurement of heart rate variability. Exclusion criteria included unstable angina, atrial flutter, atrial fibrillation or paced rhythm. Based on our cardiovascular protocol, the ability to walk on level ground was an inclusion criterion. During screening, patients were asked if they had ever smoked or if they had ever received a doctor's diagnosis of asthma or COPD. Exhaled NO monitoring was conducted over 12 weeks from late September through December 2000 by study personnel who were blinded to all air pollution monitoring. The study rooms were located in two apartment buildings where most of the subjects lived. Each participant was assigned randomly to a day (MondayFriday) and time (09.00-17.00 hours) for his or her weekly appointment.
Collection and analysis of breath samples
The sampling procedures were established in accordance with guidelines published by the American Thoracic Society for the collection of breath samples for offline NO analysis. 23 The breath sample collection device was assembled from standard mouthpieces and fittings used for spirometric testing using one-way valves to separate inspiratory and expiratory flows. Because of the potential for contamination of breath samples with ambient NO, inspiratory air was scrubbed using an NO filter consisting of Purafil followed by activated carbon. In addition, at each session a 3 litre spirometric calibration syringe was used to fill a mylar balloon with a sample of air from the study room, which was analysed for NO.
Inspiratory filtered room air was breathed for 30 seconds of normal tidal breathing. The subject was then asked to inspire to total lung capacity; a mylar balloon was immediately connected to the expiratory port following inspiration which was clamped shut following expiration. The expiratory flow was controlled by having the subject maintain a pressure of 12.5 cm H 2 O on a pressure gauge attached to the collection device and visible to the subject. Exhalation against this pressure accomplishes two goals. First, it insures elevation of the soft palate, thus isolating the nasopharynx from the desired lower airway sample. In addition, it normalises each subject's expiratory flow rates which can influence exhaled NO concentrations. 23 This pressure approximately corresponds to a flow rate of 0.350 l/s. Levels of NO in breath samples collected during a single session can fluctuate as a result of variations in the individual breathing manoeuvres-for example, brief breath hold or interruption of tight mouth seal. 23 Three sequential breath samples from each subject were therefore collected at each session and the median of these samples was used as a stable measure of exhaled NO. Each mylar balloon was sealed immediately after exhalation and analysed later that day. Breath and room air samples were analysed for NO using a thermoenvironmental model 42 chemiluminescence oxides of nitrogen (NOx) analyser.
Exposure monitoring
Ambient air sampling was conducted at a central site in Steubenville and included continuous measurements for airborne particles with an aerodynamic diameter (2.5 mm (PM 2.5 ), gaseous pollutants, and meteorological parameters.
Air pollutants were measured continuously and reported as hourly averaged concentrations (monitoring equipment: PM 2.5 : R&P model 1400A tapered element oscillating microbalance (TEOM); SO 2 : API model 100 UV fluorescence monitor; O 3 : API model 400 UV monitor; NOx: API model 200A chemiluminescent NOx analyser). Hourly lags and 24 hour moving averages of these pollutants were determined from these measurements. Meteorological data (temperature, barometric pressure, and relative humidity) were collected using a Met-1 10 metre station.
Statistical analysis
Fixed effect models were used to determine associations between exhaled NO and the main variables of interest-air pollutant exposures on various time scales. These models fit subject specific intercepts to capture the effect of all time invariant attributes, both measured and unmeasured. Time variant parameters were used to model the effect of meteorology, pollutant exposure, and NO levels in the study room. Since exhaled NO levels may be affected by the timing of breath sample collections irrespective of exposure, we adjusted for the time of day, day of the week, and the week of study. For example, exhaled NO, like many biomarkers, has been shown to have a circadian rhythm. 24 Univariate associations between subject attributes (for example, COPD diagnosis) and exhaled NO were analysed using repeated measure analysis of variance (ANOVA) tests on the log transformed FE NO measurements. These data were not transformed in the models of pollutant effects since the distribution of each subject's weekly deviance from his or her study mean was approximately normal.
Models were created to examine the relative roles of various exposure windows on exhaled NO concentrations, as well as the relative roles of individual pollutants, which were highly correlated. Separate models for individual hourly lag models were created, as well as moving average models to reflect cumulative exposures. All modeling was performed using the GLM procedure in SAS (SAS Institute, 1997). To test whether there was heterogeneity in response to PM 2.5 , we also fit mixed models allowing a random slope-that is, each subject's slope for PM 2.5 was allowed to vary randomly about the population mean slope. We then tested whether the variability in slopes was significant. In separate mixed models we investigated the potential interactions between reported respiratory disease and the relationship between PM 2.5 and FE NO .
RESULTS
A total of 294 breath samples were collected. Of the 29 subjects in the study, 22 completed at least 10 of their 12 scheduled sessions. Approximately 30 individual sampling sessions were missed due to illness, recruitment delays, holidays, and other scheduling conflicts. An additional 24 samples were not usable because of insufficient breath volume or problems with our analytical equipment. Subject characteristics and their relationship with FE NO levels are shown in table 1. The study population was predominantly female with a median age of 70.7 years. While the median exhaled FE NO levels were higher for those with asthma and COPD, we did not observe statistically significant differences in FE NO by disease status. Four subjects reported having received, at some time, both a doctor's diagnosis of asthma and of COPD. Pollution concentrations used in this analysis are shown in table 2.
Individual hourly lag models showed consistent associations between PM 2.5 and FE NO for exposures during the previous 24 hours (fig 1) . Based on the trend in these results, 24 hour moving averages were created to reflect the most relevant window of exposure. Table 3 shows the associations between air pollution levels (current hour and 24 hour moving averages) and changes in exhaled NO concentrations. An interquartile range (IQR) increase in the mean PM 2.5 concentrations during the previous 24 hours of 17.7 mg/m 3 was associated with an increase in FE NO of 1.45 ppb (95% confidence interval (CI) 0.33 to 2.57). This represents a change of approximately 15% compared with the mean FE NO in the cohort (9.9 ppb). Similarly, an IQR increase in the mean ambient NO concentration during the previous 24 hours of 11.9 ppb was associated with an increase in FE NO of 0.83 ppb (95% CI 0.26 to 1.40). Current hour concentrations were also significant for these pollutants. No significant associations were observed for SO 2 , NO 2 , or O 3 . When the 24 hour moving average of PM 2.5 was included in a model with current PM 2.5 , the 24 hour exposure effect was unchanged while the current hour effect was reduced by 34% (model not shown). In multi-pollutant models the association with PM 2.5 appeared to be the most robust (table 4) . The association with ambient NO was reduced (p,0.1) in models with PM 2.5 , while the PM 2.5 association increased and remained significant (model 1). The 24 hour NO and PM 2.5 effects remained significant in models that included room NO concentrations (models 2 and 3). The PM 2.5 effect remained significant in a model that controlled for both ambient NO and NO concentrations in the study room (model 4).
When we repeated our model using a random slope for each subject there was significant heterogeneity among subjects in response to PM 2.5 (p = 0.0026). The 24 hour PM 2.5 effect estimates for the seven subjects reporting a COPD diagnosis were significantly higher than for normal subjects (3.9 v 0.8 ppb for an interquartile change in PM 2.5 , p value for interaction = 0.03). Subjects reporting both asthma and COPD were similar in their PM 2.5 response to those reporting only COPD. Subjects who reported only asthma did not exhibit PM 2.5 responses that were different from normal subjects. While the interaction term for COPD was significant, significant heterogeneity in response remained (p = 0.0047) after controlling for that effect modifier. This indicates that other factors are also responsible for the observed heterogeneity in response to pollution.
DISCUSSION
This study has shown that exposure to ambient air pollution in an elderly population is associated with an increase in exhaled NO, a marker of pulmonary inflammation. Specifically, ambient NO and PM 2.5 were associated with FE NO across various exposure windows during the previous day's exposure. Two-pollutant models suggest that other pollutants did not confound the PM 2.5 effect. Previous studies have shown associations between ambient pollution and exhaled NO. A recent panel study also reported an association between exhaled NO and ambient NO, NO 2 , black smoke, and particulate matter PM 10 in children living in urban areas. 22 Our study is the first to examine the association between pollution exposure in another potentially sensitive subpopulation, the elderly. We also were able specifically to assess the fraction of particulate matter that has been most closely associated with health effects in previous studies-namely, PM 2.5 . While ambient air typically contains many pollutants whose concentrations are highly correlated due to common sources (for example, traffic and industry) and local meteorological control over atmospheric transport, our results suggest that ambient PM 2.5 and NO are most consistently associated with exhaled NO levels. We also observed negative associations (non-significant) between current hour and 24 hour ozone exposures and exhaled NO. These results were probably due to the negative correlation between ambient NO concentrations and both ozone (Pearson correlation coefficient r = 20.38 for 24 hour ozone exposure) and fine particles (r = 20.23 for 24 hour PM 2.5 exposure). Two-pollutant models confirmed this, since the magnitude of the negative ozone effect was reduced in models with PM 2.5 (models not shown). Ambient ozone concentrations are typically inversely correlated with NO concentrations in areas with local sources, since NO reacts rapidly with ozone. In studies where NO is removed from inhaled air, it is important to consider NO levels in the breath sampling area as a possible contributor to measured levels in exhaled breath. 25 While room NO levels in the study were significantly associated with exhaled NO in many of our multivariate models, this factor did not significantly alter the estimates of the main pollutant effects for ambient NO and PM 2.5 . In 24 hour exposure models, room NO levels were more likely to be significant than in short exposure models; this may be a function of the degree of correlation between current room NO concentrations and relatively contemporaneous moving averages of ambient pollution. For example, the Pearson correlation coefficients between NO in the study room and the current hour and the 24 hour moving average of PM 2.5 were 0.55 and 0.27, respectively.
The associations we have observed may represent subclinical changes that elucidate the biological mechanisms responsible for the established epidemiological link between exposure to air pollution and health. However, the absolute changes observed here may be considered small in clinical terms. For example, children with acute asthma have been shown to exhibit exhaled NO levels that are several times higher than those in comparable normal subjects (31.3 v 5.4 ppb). 26 The differences between patients with stable asthma and normal subjects have been reported to be smaller (for example, 13.9 v 6.2 ppb), 27 consistent with our observations (table 1) . (It should be noted that published exhaled NO levels vary widely due to variations in collection techniques and populations under study.)
The observed association with PM 2.5 is supported by studies that link the broader class of particles (PM 10 ) to pulmonary inflammation in animal models, 3 as well as direct evidence that links PM 10 exposure to induction of iNOS. 28 Recent epidemiological studies have observed associations between ambient particle pollution and measures of systemic inflammation including white blood cell count, 4 29 fibrinogen, 29 and C reactive protein. 30 Other studies have found that ambient particle levels predict reduced heart rate variability 5 6 and increased vascular tone 7 which may, in part, be responses to either pulmonary or systemic inflammation. Exposures to specific components of particulate matter have also been shown to stimulate the release of inflammatory mediators including diesel exhaust particles. 31 Acute oxidant exposure such as cigarette smoke inhalation has also been shown to release NO from epithelial lining fluid. 32 33 These pathways may be partly responsible for the link between air pollution exposure and cardiovascular morbidity and mortality.
Ultimately, we would like to assess the role of specific components of the measured fine particle mass on our outcome. Air pollution in Steubenville has been dominated historically by industrial sources. For example, in a source apportionment study of fine particles and mortality, PM 2.5 in Steubenville was predominantly associated with coal combustion during the period 1979-88. 34 However, the relative role of exposure to fine particles from industrial or other specific sources such as traffic cannot be determined in this study because compositional data are not available.
The association we have observed between exhaled NO and ambient NO raises several important issues. This association has been reported in studies by Van Amsterdam et al 21 and by Steerenberg et al, 22 although these authors speculated that ambient NO and CO might be serving as a surrogate for a mixture of pollutants that includes the causative agent(s) 21 since gas phase NO has not been shown to increase endogenous NO production directly. These unmeasured pollutants may include the number concentration of fine particles or their composition. However, while numerous studies have linked NO 2 exposure to pulmonary and cardiovascular morbidity, 35 36 compounds closely related to NO 2 such as NO, nitrous/nitric acid, or nitrates are rarely included in studies of air pollution epidemiology due to a presumption of no effect or because of the paucity of measurements. These compounds, like PM 2.5 , can be markers of motor vehicle emissions and thus might only partially identify the causative agent. While exposure to NO 2 has been shown to contribute to pulmonary inflammation, these effects have generally been observed at concentrations much higher than those occurring in ambient air. 37 However, the potential for exposure to oxides of nitrogen and related species to affect NO production as a biologically important end point has not been explored. Unfortunately, as shown in table 3, a significant number of NO 2 measurements are missing in our data set, thus limiting our ability to fully explore these associations and co-pollutant effects. Overall, these associations need to be confirmed in experimental or observational settings.
Our results suggest that the effects of pollution on exhaled NO might not be immediate. These observations are consistent with the finding that markers of systemic inflammation generally do not increase immediately following the precipitating event and may remain raised for hours to days. 38 Specifically, proinflammatory cytokines such as IL-6 and TNF-a control a cascade of events that can include the production of acute phase proteins as well as the induction of nitric oxide synthase. 38 In a recent longitudinal study the authors showed that the association between exhaled NO and ambient pollution persisted for at least 5 hours. 21 There are several limitations to our study. Disease status was determined by each subject's self-report of a doctor's diagnosis. There is therefore some uncertainty about the true disease state of our subjects, but previous studies have shown that reversibility studies are unable to distinguish between asthma and COPD in the elderly. 39 40 The absence of spirometric testing is also a limitation of the study, although it may not have enabled us to distinguish between asthma and COPD in our study population. We used continuous air monitors located at a central outdoor site in Steubenville to represent each subject's personal exposure, despite certain differences in the activity and personal environments of the study group. However, the study was conducted simultaneously with a comprehensive exposure assessment performed on a subset of 10 participants which showed that the median subject specific correlation coefficient between personal and central site ambient PM 2.5 concentrations (24 hour measurements) was 0.76 (range 0.34-0.91; n = 197). These results suggest that personal and ambient PM 2.5 concentrations are highly associated for our study population and support our use of the central site data. While exhaled NO has been shown to be a marker of pulmonary inflammation, another limitation of our study is that the source of the exhaled NO we have measured is unknown. NO production pathways other than inflammation related enzymatic upregulation have been proposed. For example, previous studies have suggested that exhaled NO may originate from bioequivalent forms in the epithelial lining fluid such as S-nitrosothiols or peroxynitrite. The release of NO from these molecules may be a function of the local redox state. 20 32 Mechanistic studies of the health effects of air pollution have typically relied on the inhalation or instillation of concentrated particles in animal models. This study offers a means of exploring the mechanisms responsible for the health effects of real exposures to ambient pollution in humans using an easily applied, non-invasive, repeatable technique. Further research will be necessary, however, to determine the source of excess NO related to these exposures and whether this evidence supports a role for exhaled NO as a marker for associated changes in subclinical inflammation.
